Background/Aims: Circular RNAs (circRNAs), a new class of regulators of gene expression, are involved in diverse physiological and pathogenic processes. However, their role in cellular responses to virus infection is yet unclear. Methods: A human lung fibroblast cell line was infected or mock infected by herpes simplex virus 1 (HSV-1). Deep RNA sequencing was used to profile the global changes in circRNAs, genes, and miRNAs following HSV-1 infection. Altered circRNAs, genes, and miRNAs were validated using quantitative reverse transcription polymerase chain reaction (RT-qPCR). An integration analysis of circRNAs, genes, and miRNAs was applied to investigate the putative function of the dysregulated circRNAs. Results: A total of 536 circRNAs, 3,885 genes, and 207 miRNAs were significantly dysregulated after HSV-1 infection. An integration analysis of circRNAs, genes, and miRNAs revealed the alleged involvement of dysregulated circRNAs in cellular responses to HSV-1 infection via the circRNAmiRNA-gene regulatory axis. These genes regulated by circRNAs were enriched to NOD-like receptor/JAK-STAT signaling pathway, and pathways of apoptosis, cell cycle progression, and cell death, all of which may be implicated in the viral pathogenesis and cellular immunity. Conclusions: These data present a comprehensive view for circRNAs induced by HSV-1 and their interplay with miRNAs and genes during HSV-1 infection, thus offering new insights into the mechanisms of interactions between HSV-1 and the host.
Introduction
Circular RNAs (circRNAs) are a new class of endogenous regulatory RNAs that have been recently recognized as critical regulators of gene expression and pathological processes [1, 2] . They are formed from pre-mRNAs by a back-splicing event that refers to the alternative circularization of the 5' end of the upstream exon to the 3' end of the downstream exon in order to produce a covalently closed loop [3, 4] . The covalently closed loop structures confer high resistance to RNA exonuclease or RNase R, rendering them more durability as compared to linear RNAs. The circRNAs are widely distributed with biological function relatively conserved from humans to Drosophila and Archaea that also present cell typespecific and tissue-specific expression [5] [6] [7] [8] . Moreover, circRNAs exert a variety of regulatory roles in physiological and pathological processes, including transcriptional regulation [9] , alternative splicing [10] , regulation of parental gene translation [11] , cell cycle regulation [12] , protein sponge [13] , and miRNA sponge [14] . Although diverse biological functions of circRNAs have been revealed widely, little is known about their associations with virus infection and the antiviral immunity of the host.
Herpes simplex virus 1 (HSV-1), a human neurotropic virus, can cause a variety of human diseases ranging from asymptomatic viral shedding to lethal encephalitis and disseminated disease [15, 16] . Worldwide, >80% of the population is affected by HSV-1 due to the establishment of lifelong viral infection in the neurons of sensory and autonomic ganglia [17] . As a member of the family Herpesviridae and subfamily Alpha Herpesviridae, HSV-1 possesses a double-strand linear DNA genome (152 kb) encoding >80 proteins [18, 19] . The initial infection of HSV-1 occurs primarily in the epithelial or mucosal cells, from where it causes a latent infection in neurons [20] . When HSV-1 establishes a latent infection, viral genome transcription is inhibited except for the latency-associated transcripts (LATs) [21] . When subjected to a variety of stimuli, virus can trigger the reactivation and lytic infection to cause the recurrent disease at or near the original site of inoculation [20, 22] . In a majority of the cell cultures, HSV-1 establishes a lytic infection, during which, various cellular stress responses, including apoptosis [23] , antiviral immunity [24] , and DNA damage response [25] , are elicited in order to limit the HSV-1 infection and proliferation. As a common and critical human pathogen, HSV-1 has served as a robust model to study the viral-host interactions and antiviral defense. Accumulating evidence has shown that the virus infection can alter the host transcriptome and reshape the cellular environment for promoting the fitness and survival of the virus [26] [27] [28] . Although the mechanisms underlying the interactions between HSV-1 and its host are thoroughly investigated, whether circRNAs are involved in the interactions between HSV-1 and its host yet remain unknown. In this study, we systematically investigated the virus-responsive circRNAs and their putative roles during HSV-1 infection by whole-transcriptome sequencing and small RNA sequencing analyses. A large number of dysregulated circRNAs were detected after HSV-1 infection, which revealed their putative regulatory roles in cellular response to HSV-1 infection based on an integrated analysis of circRNAs, miRNAs, and genes. In summary, these results provided a novel insight into the functions of circRNAs in viral infection and cellular antiviral immunity and broadened our understanding of the mechanisms underlying the interaction between HSV-1 and its host cells.
Whole transcriptome library construction and sequencing analysis
At 48 h post-infection, total RNA from HSV-1 infected and uninfected KMB17 cells was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), followed by digestion with DNase I (Epicentre) for 15 min at 37 °C. Then, rRNA was depleted in total RNA (5 mg) using a Ribo-Zero Gold Kit (Epicentre), and a cDNA library was generated according to the Illumina TruSeq protocol (Illumina, San Diego, CA, USA). Furthermore, the cDNA samples were fragmented, adaptor-ligated, amplified, and sequenced on an Illumina HiSeq 4000 platform (LC Sciences, Hangzhou, China), and 2 × 150 bp (PE150) paired-end reads were generated according to Illumina's standard protocol. The raw sequencing data and the processed data have been deposited at the Gene Expression Omnibus (GEO) database under the accession number GSE103763.
Small RNA library construction and sequencing analysis
Total RNA from the same samples (2.5 mg) was used to prepare small RNA libraries using the stranded Illumina TruSeq Small RNA Preparation Kit according to the manufacturer's recommendations (Illumina). The cDNA samples were fragmented, adaptor-ligated, amplified, and sequenced on an Illumina HiSeq 2500 platform (LC Sciences, Hangzhou, China), and single-end sequencing (50 bp) reads were obtained. The raw sequencing data and all the processed data have been deposited at the GEO database under the accession number GSE102470.
In silico identification and differential expression analysis of circRNAs
The circRNAs were identified according to the following computational pipeline: First, the raw reads were mapped to a human reference genome hg38 (GRCh38.p7) using TopHat (v2.1.0) to exclude the linear transcripts (ftp://ftp.ensembl.org/pub/release-85/fasta/homo_sapiens/) [30] . Second, the unmapped reads were aligned to the human reference genome hg38 (GRCh38.p7) to identify the fusion transcripts using TopHat-Fusion (v2.1.0). Third, the fusion transcripts were used for identifying the known and novel circRNAs by the circExplorer algorithm [3] . The known circRNAs were annotated in circBase database (http://www.circbase.org/). The novel circRNAs were identified based on the following criteria: (1) GU/ AG signal flanking the splice sites; (2) mismatch, ≤ 2; (3) back-spliced reads, ≥ 1; and (4) distance between two splice sites, ≤ 100 kb. Finally, the expression of circRNAs was quantified based on the number of reads spanning the back-splicing junction, and their fragments per kb for a million reads (FPKM) were calculated using Cuffdiff (v2.1.1) [31] . The differential circRNAs expression was analyzed using a two-tailed Student's t-test and the SPSS Statistics v19.0 software package (IBM, NY, USA). The circRNAs were considered significantly differentially expressed only when the log 2 fold-change was ≥ 1 or ≤ -1 and P < 0.05.
Identification and differential expression analysis of genes
The transcripts assembly and quantification were performed using Cufflinks (v2.1.1) [32] . The differential mRNA expression was analyzed using the CuffDiff program of Cufflinks by calculating the FPKM of mRNAs in all samples. The false discovery rate (FDR) was calculated by correcting the P-value. The genes were considered significantly differentially expressed when the log 2 fold-change was ≥ 1 or ≤ -1 and P < 0.05.
Identification and differential expression analysis of miRNAs
The clean small RNA reads, obtained after excluding the low-quality reads and adaptor sequences in the raw reads, were used for miRNA identification. Briefly, the sequences were blasted to human reference genome hg38 (GRCh38.p7), the RFam, and Repbase to identify the putative mRNA, rRNA, tRNA, snRNA, snoRNA, and other ncRNAs. To identify the known miRNAs, the remaining sequences were aligned to the miRBase (release 21.0) using Bowtie [33] . Matched sequences with < 1 mismatch were known miRNAs. In addition, the unmatched sequences were used to predict the candidate novel miRNAs using miRDeep2 [34] . The hairpin RNA structures containing the unmatched sequences were predicated, complying with the criteria of pre-miRNAs in order to identify the potentially novel miRNAs. The expression level of miRNAs was determined by normalizing the reads to tags per million (TPM) counts. The TPM was calculated as follows: normalized expression, TPM = (actual miRNA count/number of total clean read) × 10
Real-time quantitative PCR
To validate the results of RNA-seq, we performed RT-qPCR analysis for the differentially expressed circRNAs, genes, and miRNAs. For circRNAs, the different primers encompassing the back-splicing junctions of circRNAs and the convergent primers of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were designed ( Table 1 ). For genes, the convergent primers for selected genes were cited from the PrimerBank (https://pga.mgh.harvard.edu/primerbank/) ( Table 2 ). For miRNAs, the following primer sets were purchased from the All-in-One™ miRNA qPCR primers (GeneCopoeia, Rockville, MD, USA) and used in this study: hsa-miR-146a-3p (HmiRQP0195), hsa-miR-196a-5p (HmiRQP0284), hsa-miR-4741 (HmiRQP2402), hsa-miR-6876-35p (HmiRQP3848), hsa-miR-663b (HmiRQP0775), and hsa-miR-1247-5p (HmiRQP0079). Reverse transcription was performed using a universal adaptor reverse primer at 37 °C for 60 min, followed by inactivation of the enzyme at 85 °C for 5 min. Next, the total RNA was isolated from HSV-1 infected and uninfected KMB17 cells, and cDNA was synthesized using a Reverse Transcription Kit (Promega, Madison, WI, USA). Then, the qPCR analysis was carried out on a CFX96™ Real-Time PCR system (Bio-Rad, CA, USA) using GoTaq qPCR Kit (Promega, Madison, WI, USA) setting different parameters for each type of RNAs. For circRNAs, qPCR parameters were as follows: 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 35 °C for 15 s, and extension at 72 °C for 15 s. For genes, the qPCR parameters were as follows: 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 40 °C for 15 s, and extension at 72 °C for 15 s. For miRNAs, qPCR was performed using All-in-One™ miRNA qRT-PCR Detection System (GeneCopoeia) according to the manufacturer's protocol. Subsequently, the qPCR reaction was conducted on a CFX96™ Real-Time PCR system (Bio-Rad) under standard conditions using the following program: 95 °C for 10 min and 40 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 10 s. The Homo sapiens housekeeping gene GAPDH was used as an internal control for circRNAs and genes. snRNA U6 (HmiRQP9001) served as an internal control for miRNAs. A melting curve analysis was performed to confirm the primer specificities for circRNAs, genes, and miRNAs. The relative abundance of circRNA and genes was normalized against the internal control (GAPDH or snU6).
Gene ontology enrichment and pathway analysis
Gene Ontology (GO) functional enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed for differentially expressed genes. GO terms and KEGG pathways with corrected P-values ≤ 0.05 indicated significant enrichment.
Integrated analyses of circRNAs, miRNAs, and genes
To perform an integration analysis of circRNA-miRNA-gene, top 10 HSV-1-induced circRNAs were selected. First, the complementary pairs between miRNAs and circRNAs and between miRNAs and genes were obtained by miRNA binding site analysis using TargetScan [35] and miRanda (v3.3a) [36] . Those genes that were significantly enriched in the "cell growth and apoptosis" and "cellular immunity" pathways were selected for further analysis. Thee circRNAs and apoptosis/immunity-related genes with TargetScan scores > 150 and miRanda minimum free energy ΔG ≤ −20 kcal/mol were selected as miRNA targets. Second, the relationship among circRNA, miRNAs, and genes was analyzed by a Python script. Third, the circRNA-miRNA-gene network was constructed and presented using Cytoscape (v3.4.0) [37] . 
Statistical analyses
Quantile normalization and subsequent data processing were performed using the R software package (v3.3.3). Data were expressed as the mean ± standard deviation (SD). Student's t-test was used to evaluate the differences among groups. P < 0.05 was considered as statistically significant.
Results

Transcriptome-wide identification and characterization of circRNAs in HSV-1 infected and uninfected human fibroblasts
For comprehensive profiling of circRNAs in HSV-1-infected and uninfected KMB17 cells, the rRNA-depleted RNA obtained from six HSV-1-infected and uninfected cell samples were used for whole transcriptome sequencing. As a result, multiple back-spliced reads (about 1% of the total reads) were obtained by mapping canonical and non-canonical fusionjunctions to the human reference genome. These included 1, 009, 970 (1.33%), 737, 92 2(1.08%), and 960, 581 (1.33%) back-spliced reads in three control cell samples, and 1, 145, 752 (1.52%), 943, 186 (1.19%), and 746, 927 (1.03%) in three HSV-1 infected cell samples, respectively. Based on these back-spliced reads, we identified 22, 906 putative circRNAs from 6, 522 parental genes with at least one back-spliced read in a single RNA library. These circRNA candidates comprised of 2, 377 intron-derived circRNAs (ciRNAs) and 20, 529 exonderived circRNAs (circRNA), indicating that most of the circRNAs (up to 90%) were transcribed from gene-containing regions. Furthermore, only 284 circRNAs were annotated in circBase database (http://www.circbase.org/), and others represented novel circRNAs. The length of the circRNAs varied from 63-17, 180 nt. Numerous circRNAs seemed to be expressed in all samples, as only 62 circRNAs were detected in the three HSV-1-infected cell samples, suggesting that these circRNAs were strongly induced as virus-responsive circRNAs during HSV-1 infection. Moreover, we also observed that most of the circRNAs possessed a small number of back-spliced reads (< 50 reads) (Fig. 1A) . A Circos plot showed that these circRNAs were widely distributed among all chromosomes, including sex chromosomes (Fig. 1B) . Clustering analysis of highly expressed circRNAs (FPKM > 10) suggested differential expression patterns of circRNAs in HSV-1-infected and uninfected cells (Fig. 1C) . To further investigate the expression features of the circRNAs, the relationship between the circRNA reads and their parental gene abundance was analyzed. Interestingly, we found that the genes with a higher number of circRNA reads also showed higher expression levels of their linear transcripts (Fig. 1D) , thereby indicating a consistent expression pattern between circRNAs and their parental genes. Taken together, these results provided a valuable clue for the identification of circRNAs that might be involved in the regulation of interactions between HSV-1 and host cells.
Cellular circRNAs in response to HSV-1 infection
Recent studies indicated that circRNAs function as miRNA sponges that can regulate the gene expression indirectly, which can affect multiple pathological processes [38] [39] [40] . Thus, to investigate the putative function of circRNAs during HSV-1 infection, we compared the expression profiles of circRNAs in HSV-1-infected and uninfected KMB17 cells by RNAseq analysis. The results showed that a total of 536 circRNAs, including 188 upregulated and 348 downregulated circRNAs, were significantly dysregulated in HSV-1-infected cells ( Fig. 2A) . Interestingly, the downregulated circRNAs (64.93%) were more common than upregulated circRNAs (35.07%) in the RNA-seq data, suggesting a predominant role for the downregulated circRNAs in the case of virus infection. The hierarchical cluster analysis indicated distinguishable circRNA expression patterns among different samples ( Fig. 2A) . The differentially expressed circRNAs were present on various chromosomes based on their sequencing counts (Fig. 2B) . Importantly, we detected abundant virus-responsive circRNAs, such as ciRNA1450, circRNA13804, circRNA13855, circRNA13896, and circRNA13902, which were significantly dysregulated in HSV-1-infected cells. Therefore, we focused on those circRNAs induced by HSV-1 in the subsequent functional analysis of circRNAs. Furthermore, to validate the results of RNA-seq, we measured the expression levels of the randomly selected 5 circRNAs (circRNA3046, circRNA3683, circRNA6783, circRNA7752, and circRNA7231) by RT-qPCR using the primers designed to amplify the circRNA-specific back-splice junctions. As expected, the randomly selected 5 circRNA exhibited an expression trend consistent between RNA-seq and RT-qPCR (Fig. 2C) . Collectively, these results revealed a comprehensive expression profile of dysregulated circRNAs in HSV-1-infected cells, suggesting a potential involvement of these dysregulated and virus-responsive circRNAs in the regulation of hostvirus interactions. However, further studies are essential in determining the putative roles and mechanism of circRNAs during HSV-1 infection.
Dysregulated genes induced by HSV-1
To understand the cellular responses to HSV-1 infection, we identified the differentially expressed genes (DEGs) between HSV-1-infected and mock-infected cells. In order to improve the accuracy of the current gene quantification, the data from the three biological replicates were merged, and PPKM (fragments per kilobase per million reads) values calculated. We detected 3, 885 differentially expressed protein-coding genes, which comprised of 1, 377 upregulated and 2, 508 downregulated genes. Interestingly, a large number of DEGs were found to be associated with "cell growth and death" and "immune response" induced by HSV-1. Genes, such as RELA, TRAF3, NFKBIA, DHX58, TRIM25, NFKB1, POLR3GL, PYCARD, NFKBIB, IL1B, SOCS2, and STAT3 were associated with "immune response" and were significantly dysregulated by HSV-1 infection. The genes, such as TGFB2, CDK1, TP53, CDC25B, PCNA, RBL1, CCNA2, SKP2, CCNB1, E2F3, and CDK6, were associated with "cell growth and death" and significantly dysregulated upon HSV-1 infection. The hierarchical clustering analysis revealed differences in the expression of genes between HSV-1-infected and mock-infected cells (Fig. 3A) . Furthermore, the transcriptome dynamics of both HSV-1-infected and mockinfected cells were visualized using MA-plots (the log 2 fold-change in the expression plotted against the mean of normalized counts (Fig. 3B) . To verify the RNA-seq data, we performed RT-qPCR on a subset of 9 randomly selected genes. As expected, the fold-changes in the target gene expression in HSV-1 infected cells showed similar expression trends in the qPCR and RNA-seq data as compared to the mock-infected cells (Fig. 3C) . In summary, these results indicated that HSV-1 could increase and decrease the expression levels of a number of host genes, suggesting a putative role for these dysregulated genes in cellular responses to HSV-1 infection. 
Cellular miRNA in response to HSV-1 infection
To investigate the influence of HSV-1 infection on the expression of cellular miRNAs, six small RNA libraries from the same samples as transcriptome sequencing were constructed and sequenced. A comparison of the miRNA expression profile in HSV-1-infected and mockinfected cells revealed that a total of 142 known and 65 novel miRNAs were significantly dysregulated, of which, 128 were upregulated and 79 down-regulated. Especially, the expression level of hsa-miR-7974 and hsa-miR-4449 are altered markedly with -5.12-foldand 6.16-fold-change, respectively. The differential expression patterns of miRNAs in HSV-1-infected and mock-infected cells were presented by a cluster heatmap (Fig. 4A) . To further confirm the results of RNA-seq, we estimated the differential expression of hsa-miR-146a-3p, hsa-miR-196a-5p, hsa-miR-4741, hsa-miR-6876-35p, hsa-miR-663b, and hsa-miR-1247-5p by RT-qPCR. These RT-qPCR results were consistent with those of the RNA-seq results, Verification of dysregulated circRNAs by RT-qPCR. Divergent primers were designed to amplify the backspliced junction sequences for circRNA candidates. qPCR data were normalized against that of human GAPDH. The differences among groups were analyzed using the t-test (two-tailed and unpaired). P-value < 0.05 (*), < 0.01 (**) or < 0.001 (***) was considered as statistically significant.
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suggesting that the expression profiles of these cellular miRNAs were in agreement with those observed in the RNA-seq assay (Fig. 4B) . Overall, these results suggested that the expression of host miRNAs was altered by HSV-1.
Functional enrichment and pathway analysis of the dysregulated genes
To gain insight into the functions of the dysregulated genes and the biological processes involved in the HSV-1 infection, the dysregulated genes were mapped to the terms in the GO and KEGG databases. The GO analysis identified diverse and enriched biological processes, including "toll-like receptor signaling pathway", "cell death", "regulation of growth", "cell cycle", "cell apoptosis", and "signal transduction" that were associated with the cellular response to HSV-1 (Fig. 5A) , thereby indicating that viral infection elicited a strong cellular response. Moreover, the KEGG pathway analysis indicated that dysregulated genes were primarily enriched in the pathways associated with the host immune response, such as cancer, inflammatory response, and cell metabolism (Fig. 5B) . Intriguingly, 19 dysregulated genes (BIRC3, RELA, HSP90B1, NFKBIA, MAPK3, PYCARD, CCL2, NLRP1, NFKBIB, IL1B,  MAPK11, CXCL1, NFKB1, CXCL2, MAPK10, TNFAIP3, IL6, TRIP6 , and RIPK2) were enriched in Validation of dysregulated genes by RT-qPCR. qPCR data was normalized against the human gene GAPDH. Differences among groups were analyzed using the t-test (two-tailed and unpaired). A P-value of < 0.05 (*), < 0.01 (**) or < 0.001 (***) was considered statistically significant. were enriched in the pathways related to inflammatory response and cancer. Overall, these results suggest that the dysregulated genes were involved in pathways implicated in the cellular immune response and viral pathogenesis, including inflammatory response and cell cycle progression.
Integrated in silico analyses of circRNAs, miRNAs, and genes reveal the putative involvement of circRNAs in virus-host interactions
In order to postulate the in-depth potential function of the significantly dysregulated circRNAs in cellular responses to virus infection, an integrated analysis of circRNA-miRNAgene based on their differential expression profiles was performed. As a result, a global regulatory landscape of circRNAs in viral pathogenesis and cellular antiviral immunity was presented. Firstly, the regulatory roles of HSV-1-induced circRNAs were analyzed in viral pathogenesis. Since the pathogenicity of the virus is mainly reflected in the impact on cell growth and death, we analyzed the regulatory roles of circRNAs in "cell growth and death" pathways and found that several genes associated with "cell growth and death" such as CDC6, IRAK3, CREBBP, SKP2, TGFB2, and IRAK4 were potentially regulated by HSV-1-induced circRNAs (Fig. 6) . Interestingly, one circRNA could potentially regulate multiple genes. For instance, 17 genes (GADD45G, PRKAR1B, RELA, TP53, CDC6, CDKN2B, IRAK2, ANAPC1, CDC6, CREBBP, IRAK4, CDKN2B, E2F3, IRAK3, MCM5, NFKBIA, and TNFRSF10B) were potentially regulated by circRNA14189. Correspondingly, one gene could be potentially regulated by multiple circRNAs: for instance, circRNA14556, circRNA15053, and circRNA15655 putatively regulated IRAK3, which was mediated by cellular miRNAs based on a circRNAmiRNA-gene axis. These data suggested that the cell growth and death pathways might be regulated by HSV-1-induced circRNAs by a circRNA-miRNA-gene axis. Furthermore, to ascertain whether HSV-1-induced circRNAs regulate the immune response, we analyzed (Fig. 7) . Because these genes could be significantly enriched in various immune response pathways, including the RIG-I-like receptor signaling pathway, Toll-like receptor signaling pathway, JAK-STAT signaling pathway, and cytosolic DNA-sensing pathway, it can be speculated that HSV-1-induced circRNAs are involved in cellular antiviral immunity by affecting the immunity-related genes. Taken together, these results suggested that HSV-1-induced circRNAs potentially regulate the cellular immune response and cell growth/death by functioning as miRNA sponges. Although these in silico results illuminate the mechanism underlying the circRNAs-mediated regulation of viral pathogenesis and cellular antiviral immunity, additional in vitro and in vivo investigations are essential to further substantiate the role and machinery of the significantly dysregulated circRNAs.
Discussion
As a novel type of endogenous noncoding RNA, circRNAs represent a recent research hotspot in the field of RNA. Although the functions of circRNAs are yet largely unclear, accumulating evidence indicates their involvement in modulating the disease progression [41] [42] [43] [44] . Thus, it is vital to understand the biological functions of circRNAs by investigating their expression patterns and interactions with other types of RNAs. However, little is known about the expression patterns of circRNAs and their interaction with other types of RNAs during viral infection. In the present study, we employed whole-transcriptome sequencing and small RNA sequencing to profile and identify the dysregulated circRNAs, genes, and miRNAs in human embryo lung fibroblasts (KMB17) following HSV-1 infection. These results provided valuable clues for an improved understanding of the roles and mechanisms underlying circRNAs in HSV-1 pathogenesis and cellular immunity.
Transcriptional profiling is known as a powerful tool for elucidating the host-virus interactions during infection. Recently, several studies focused on the transcriptome responses to virus infection, thereby suggesting that virus infection could remodel the host transcriptome landscape [45] [46] [47] . Thus, the virus can achieve the proliferation and cellular fitness by altering the host transcriptome responses, such as cellular responses associated with antiviral immunity and cell death/apoptosis. This remodeling effect of the virus on the host transcriptome is a common strategy exploited by the virus in hostvirus interactions and has been observed in various viruses [48] [49] [50] . Notably, a recent study showed that HSV-1 infection could not only result in changes in gene expression but also in alternative polyadenylation and splicing in the host transcriptome by influencing the host RNA processing [51] . However, several concerns about the alteration of RNA transcripts at the whole-transcriptome level, as a result of HSV-1 infection, especially the circular RNA transcriptome, have not yet been elucidated. The current results provide genomewide profiling and identification of dysregulated circRNAs, genes, and miRNAs that would facilitate further studies on the roles and mechanisms of circRNAs during HSV-1 infection. Furthermore, at the whole transcriptome level, virus infection can also alter the small RNA profiles of the host. Some small RNAs could be induced or exploited by viruses to favor the viral infection and persistence by attenuating the immune response, ceasing cell apoptosis, and promoting cell growth [52] [53] [54] . Interestingly, this strategy, as employed by a virus, was observed in HSV-1 and its host interactions [55] [56] [57] . Based on the roles of miRNAs during HSV-1 infection, we presumed that circRNAs functioned as miRNA sponges to indirectly regulate the host transcriptional responses. The integration analysis of multiple RNA expression profiles revealed the regulatory roles of circRNAs and specific links to other RNAs, by the circRNA-miRNA-gene regulatory axis, and those genes associated to viral pathogenesis and cellular immunity (Figs. 6 and 7) .
Notably, a recent study demonstrated the involvement of circRNAs in viral infection. Xiang Li et al. found that biogenesis and function of circRNAs were regulated by immune factors NF90/NF110 upon viral infection [58] . This finding strongly supported the theory that circRNAs are involved in the regulation of interactions between the virus and its host cell. Consistent with this hypothesis, we also discovered abundant circRNAs that served as virus-responsive circRNAs and were induced by HSV-1 infection. Functional analysis suggested their roles in viral pathogenesis and cellular immunity effectuated by the circRNAmiRNA-gene regulatory axis. In summary, the present study not only describes the altered expression of circRNAs, genes, and miRNAs during HSV-1 infection of KMB17 cells but also raises issues as follows: How does HSV-1 induce expression changes of circRNAs? What are the precise roles and mechanisms underlying the circRNAs explicitly induced by HSV-1? Although the putative roles of circRNAs were analyzed by an integrated analysis of circRNAs, genes, and miRNAs, the mechanisms underlying the action of circRNAs in HSV-1 infection have not yet been validated experimentally. Therefore, the changes in host cell circRNAs in response to HSV-1 infection might serve as a putative mechanism that coordinates the gene expression and determines the outcome of viral infection. Nevertheless, future studies are aimed at understanding the regulatory roles and mechanisms of these circRNAs in the etiology of HSV-1 infection.
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